Summary. Egg-laying in hens exposed for more than 11 months to photostimulatory daylengths was intermittent and associated with a reduction in numbers of yel l ow\x=req-\ yolky ovarian follicles. Old laying hens (105 weeks) had lower concentrations of luteinizing hormone (LH) These observations are consistent with the view that poor persistence of laying in hens <2 years old and exposed continuously to long days is caused, in part, by a reduction in hypothalamic\p=n-\gonadotroph function. This reduction in neuroendocrine function may be due, in part, to the development of relative photorefractoriness.
Introduction
Domestic hens become somatically mature at 18-22 weeks. Transfer from short to long days at this age stimulates and synchronizes a rapid onset of egg-laying which is sustained at a high rate for several weeks. Thereafter, the rate of egg-laying falls progressively in association with a reduction in recruitment of ovarian follicles into the yellow-yolky follicular hierarchy (Williams & Sharp, 1978a; Zakaria et al., 1983; Waddington et al., 1985) . It is possible that this decreased persistence of egg-laying is caused by a reduction in the release of gonadotrophin-releasing hormone (GnRH) from the hypothalamus and reduced gonadotrophin secretion. In support of this view, a reduction in base-line concentrations in plasma luteinizing hormone (LH) has been observed to be associated with reduced egg-laying (Williams & Sharp, 1978b; Tanabe et al., 1981) . A reduction in GnRH release associated with reduced persistence of egg-laying after prolonged exposure to stimulatory daylengths could be due to the development of photorefractoriness (review, Nicholls et al., 1988) . In hens exposed to natural daylengths, egg production falls in autumn before daylength decreases below the minimum required to stimulate egg-laying in the spring (Whetham, 1933;  review, Sharp, 1984) . This autumnal decrease appears not to be due to age per se, because egg production returns to high rates after exposure to the short days of winter and increasing daylengths in spring (Brody et al., 1938) . Egg production during successive years only begins to decrease markedly in hens which are more than 4 years old (Brody et al., 1938) . It therefore appears that autumnal photo¬ refractoriness is dissipated by the short days of winter, as has been observed for various passerine species (review, Nicholls et al., 1988) .
The object of this study was to establish whether the reduction in persistence of laying in hens less than 2 years old and exposed continuously to long daylengths is associated with reduced hypothalamic-gonadotroph function and, if so, whether this is due to the development of relative photorefractoriness.
Materials and Methods

Hens
Dwarf broiler breeder hens (Ross Breeders Ltd, Newbridge, Lothian, UK) were obtained at 1 day old and reared on the floor under 8 h light/day. At 19-21 weeks they were caged individually and daylength was increased to 14 or 16 h to stimulate and synchronize the onset of egg production. The laying hens were fed a restricted layers' diet (115 g/hen/day) to prevent excessive deposition of fat, as recommended by the suppliers. Records were kept of the number of eggs laid by each hen on each day.
Hypothalamic-pituitary-gland-ovarian function in ageing hens
Egg production and the hypothalamic-pituitary-gland-ovarian axis. An initial study was carried out to establish the pattern of egg production associated with reduced persistence of laying during a first laying year. Changes in weights of oviducts and ovaries and anterior pituitary glands, numbers of ovarian follicles, content of pituitary LH and hypothalamic LHRH-I and (Sharp, 1983) , using a Latin-square design.
Changes in photoperiodic responses. The possibility that reduced persistence of lay may be caused by reduced hypothalamic-pituitary-gland function was investigated by comparing the photoperiodic responses of young and old laying hens held on a stimulatory daylength (14 h light/day) to a further increase in daylength (20 h light/day) or to transfer to short daylengths (8 h light/day). The prediction was that reduced hypothalamic-pituitary-gland function would result in a more rapid decrease in reproductive function in old than in young hens after the removal of the stimulatory effects of long days. Conversely, after an increase in daylength, it was predicted that hypothalamic pituitary-gland function would be stimulated more in young than in old hens.
Studies to demonstrate the development of photorefractoriness and its efFect on egg-laying Three studies were carried out to establish whether reduced egg-laying was due to the development of photorefractoriness.
Effect ofshort-day treatment combined with dietary restriction and return to long days. The first study was based on the observation that exposure of photorefractory birds to short days results in the dissipation of photorefractoriness and the recovery of photosensitivity (Nicholls et ai, 1988 (Wakeling, 1985) except that the hens were maintained in continuous light. Rates of egg production, weights of ovaries and oviducts and concentrations of plasma LH were then compared after increasing the daylength or food intake.
Effect of daylength on persistence of egg laying. The final study on the development of photorefractoriness was based on the observation that photorefractory species can be brought into breeding condition, but do not develop photorefractoriness after transfer from short daylengths to days which are longer than, but close to, the minimum required for photoinduced gonadal growth (Nicholls et ai, 1988) . Since a marginally stimulatory daylength for domestic hens is~11 h (Sharp. 1988; ), a comparison was made of egg production in out-of-lay photosensitive hens transferred from short days to photostimulatory daylengths of 20 or 11 h light/day, respectively. The hens had previously been laying for a year and had then been transferred to 3 h light/day combined with food restriction at 74 weeks of age to induce a moult as recommended by MAFF (Wakeling, 1985) . The prediction was that transfer to 20 h light/day would induce the development of photorefractoriness resulting in reduced persistence of lay, whereas this effect would not be observed in hens transferred to 11 h light/day. At the end of this experiment, the functional state of the hypothalamic-gonadotroph axis in the three groups of hens was assessed by transferring hens exposed to 3 or 11 h light/day to 20 h light/day, and by transferring hens exposed to 20 h light/day to 3 h light/day. It was predicted that in hens exposed to 3 or 11 h light/day, egg production would increase after increasing the daylength. Conversely, it was predicted that hens exposed to 20 h light/day would be driven towards a photo¬ refractory state and that removal of the stimulatory effects of long days would result in a rapid cessation of egg-laying. (1987) ; the inter-and tntra-assay coefficients of variation were 7 and 9%, respectively. Hypothalamic chicken LHRH-I was measured as described by Lai et ai (1990) ; the interand intra-assay coefficients of variation were 5 and 4%, respectively. 
Results
Changes in hypothalamic-pituitary-gland-ovarian function in ageing hens
Egg production and associated changes in the hypothalamic-pituitary-gland-ovarian axis. Egg production in hens in their first laying year reached a peak of 5 eggs/hen/week at 29 weeks of age, 7 weeks after transfer from 8 to 14 h light/day (Fig. la) . Thereafter, it fell progressively to 2-2-5 eggs/hen/week at~60 weeks. From~45 weeks, the progressive decrease in egg production was associated with an increase in hens not laying for 1 week or more (Fig. la ). An analysis of individual egg-laying records at the end of the first laying year, between 65 and 85 weeks, showed that 80% of the hens alternated between several weeks of laying and non-laying (Fig. lb) (Table 1) .
Changes in pituitary-gland responsiveness to chicken LHRH-I and II. The concentrations of baseline plasma LH in young and old hens used to compare pituitary-gland responsiveness to chicken LHRH-I and II in vivo were 2-34 + 011 and 1-40 ± 012 ng/ml (n = 8), respectively; they were significantly different (P < 001). In both young and old hens, the maximum increase in plasma LH in response to LHRH-I or II was observed 10-20 min after i.v. injection. The concen¬ tration of plasma LH increased in response to 0-25, 0-5, 1 and 2 µg LHRH-II/kg and to 20 pg LHRH-I/kg in both young and old laying hens (Fig. 2) . Dose-response curves were not observed for LHRH-I in either young or old hens or for LHRH-II in old hens. A dose-response curve was obtained for LHRH-II in young hens (regression coefficient, 0-77; < 005). The increases in plasma LH after injection of all doses of LHRH-II or I were greater in young than in old laying hens (Fig. 2) .
Changes in photoperiodic responses. Young hens continued laying, although at a reduced rate, after daylength was reduced from 14 to 8 h light/day, whereas most old hens stopped laying ( Ovarian weights without large follicles and the numbers of large ovarian follicles did not change in young hens after an increase or decrease in daylength. The weights of oviducts in young hens were not affected by an increase in daylength, but were reduced after a decrease in daylength (Table  2) . In old hens, a decrease in daylength was associated with the regression of the ovary and oviduct (Table 2 ). An increase in daylength did not affect the weights of ovaries or oviducts of old hens ( (Table 3) .
Short-day treatment and subsequent photostimulation had no significant effect on hypothalamic LHRH-I content or pituitary LH concentration (Table 3) .
Two of six moulted hens and all six unmoulted control hens stopped laying after daylength was reduced from 14 to 8 h light/day (Table 4) . This reduction in reproductive activity was reflected by a corresponding decrease in the mean rates of egg production and in concentrations of plasma LH (Table 4) . Egg production and concentrations of plasma LH did not change in control moulted or unmoulted hens retained on 14 h light/day. An increase in daylength from 14 to 17 h light/day was associated with an increase in egg production in moulted, but not in unmoulted hens. There were no associated changes in concentrations of plasma LH (Table 4) .
Hypothalamic-pituitary-gland-ovarian function in old hens after induction of ovarian regression by dietary restriction or short-day treatment. There were no differences in numbers of hens laying, rates of egg production or concentrations of plasma LH amongst the control and two treatment groups at the start of the study. Egg production stopped within 2 weeks of transfer from continu¬ ous light to 3 h light/day or after dietary restriction, and resumed 2-3 weeks after return to the original lighting or feeding regimen (Fig. 3) . The concentration of plasma LH decreased (P < 0-05) in hens transferred from continuous light to 3 h light/day, but not in those subjected to dietary restriction (Fig. 3) . After transfer back to continuous light, plasma LH increased rapidly to a peak and subsequently increased slowly to 1-91 ± 014ng/ml, which was higher {P < 001) than in control hens (1-58 + 0-08 ng/ml), but the same as in hens which had been subjected to dietary restriction (1-92 ± 0-16 ng/ml) (Fig. 3) .
Hens transferred to short days were moulting heavily at the time they were transferred back to continuous light whereas hens subjected to a restricted diet did not begin to moult until after the dietary restriction was lifted (Fig. 3) .
Four weeks after return to the original lighting or feeding regimen, the proportions of hens laying in each treatment group were not different, but were higher than in control hens (Table 5) . Similarly, the rates of lay of hens in both treatment groups were higher than in the control birds (Table 5) . In laying hens, the weights of the ovaries without large follicles were the same in both treatment groups, but were greater than in the control group (Table 5 ). The number of large follicles in the ovaries of laying hens in the two treatment groups were the same and were greater for hens subjected to the short-day treatment than in laying control birds (Table 5) .
Effect of daylength on persistence of egg-laying. Egg production in hens brought back into lay for a second year by increasing the daylength from 3 to 20 h light/day, after an induced moult, increased to a peak of 3-9^4-3 eggs/hen/week 4-9 weeks after photostimulation and decreased thereafter (Fig. 4) . Egg production in hens similarly treated and transferred from 3 to 11 h light/day increased more slowly, achieving a lower (P < 005), but more sustained, maximum between 10 and 33 weeks after photostimulation (Fig. 4) . Control hens maintained on 3 h light/day throughout the study also came back into lay with a maximum rate of egg production that was less (P < 005) than that for hens exposed to 11 or 20 h light/day (Fig. 4) . After 15 weeks of photostimulation, the rate of egg production in hens exposed to 11 h light/day was consistently greater (P < 0-05) than in those exposed to 20 h light/day (Fig. 4) . After 32 weeks of photostimulation egg production in hens exposed to 20 h light/day decreased to that seen in control hens exposed to 3 h light/day, while egg production in hens exposed to 11 h light/day remained significantly greater (P < 0-05) (Fig. 4) .
At the end of the study, after 42 weeks of photostimulation, the total number of eggs laid by hens exposed to 11 or 20 h light/day was not significantly different (109 ± 14 vs. 103 ± 9 eggs/hen), but was significantly greater than the number laid by hens exposed to 3 h light/day (54 + 8 eggs/ hen).
Egg production in old laying hens exposed to 3 h light/day for 40 weeks was significantly greater (P < 001) after transfer to 20h light/day than in control hens (Fig. 5a ). Egg production in hens contingency tables for number of hens laying, and by analy¬ sis of variance and least-significant differences for the remaining data. ***P < 0001, *P < 0-05 for comparisons between unmoulted and moulted hens exposed to the same daylength regimen by analysis of variance and least-significant differences.
+ < 005 for comparison between unmoulted and moulted hens exposed to the same daylength regimen, by Finney's 2x2 contingency tables.
similarly exposed to 11 h light/day for 40 weeks was also significantly greater (P < 005) than in control hens after daylength was increased to 20 h light/day, although only for a transitory period of 5 weeks (Fig. 5b) . Old hens exposed to 20 h light/day for 46 weeks stopped laying after transfer to 3 h light/day (Fig. 5c ).
Discussion
These findings show that reduced gonadotroph function is a major factor underlying reduced egglaying in hens exposed to a stimulatory daylength for a prolonged period. This is indicated by the reduction in concentrations of plasma and pituitary-gland LH and the loss of pituitary-gland responsiveness to chicken LHRH-I and II at the end of the first laying year (Table 1, Fig. 2) . The observation that, in laying hens, LH is released more readily by chicken LHRH-II than by LHRH-I confirms an earlier study (Sharp et al., 1987) . The different responses to the two releasing hormones are unlikely to be physiologically important since LHRH-I, rather than LHRH-II, is thought to be directly involved in stimulating LH release at the level of the anterior pituitary gland (Sharp et al., 1990a, b) . A similar loss of pituitary-gland responsiveness to LHRH has been observed in ageing rats with persistent oestrus, although this was not associated with a reduction in concentrations of plasma or pituitary LH (Watkins et al., 1975; Smith et al., 1982) . It appears that, in chickens, as in rats and some strains of mice, the pacemaker for reduced reproductive function is within the neuroendocrine system (review, vom Saal & Finch, 1988 ). This contrasts with primates, including man, and some strains of mice, in which ovulatory failure is due to the absence of a critical number of oocytes within the ovary (Vom Saal & Finch, 1988 only occurs in primates and some mice towards the end of their natural life-span (Vom Saal & Finch, 1988) . Since hens live for at least 7-8 years and do not show a substantial reduction in seasonal egg production during successive years until they are about 4 years old (Brody et al., 1938) , oocyte exhaustion is unlikely to contribute to reduced egg production in 1-or 2-year-old hens. However, the possibility that changes in ovarian responsiveness to gonadotrophins contribute to reduced ovulation rate in hens exposed to long daylengths for several months cannot be ruled out. It has been found that the ability of LHRH and LH to induce ovulation (Etches et al., 1983; Moudgal & Razdan, 1985) and of LH to induce adenylyl cyclase activity in the granulosa cells of the largest ovarian follicles (Johnson et ai, 1986) is greater in hens with a high rate of egg production than in hens with a low rate of egg production. Whether this apparent reduction in ovarian responsiveness is a func¬ tion of ovarian ageing or secondary to a reduction in concentrations of circulating gonadotrophins remains to be established.
A decrease in ovarian responsiveness to gonadotrophins may explain, in part, the smaller number of ovarian follicles recruited into the follicular hierarchy of older hens (Table 1) (Starzec et , 1986) . The (Steger et al., 1979; Rubin et al., 1985) . However, in rats, measure¬ ments of K+-stimulated release of GnRH (Huang et al., 1990) or of LHRH release using push-pull cannulae (Rubin & Bridges, 1989) show that hypothalamic LHRH output is reduced in ageing females. A similar reduction in LHRH output may therefore explain reduced gonadotroph function in hens with reduced rates of egg production.
The observations on the photoperiodic responses of young and old hens are consistent with a reduction in the function of LHRH neurones in old hens. Such a reduction would explain why egg production decreased more rapidly in old than in young hens after removing the stimulatory effects of long days (Table 2) . Conversely, the observation that plasma LH increased in young, but not in old, hens after further increasing daylength from 14 to 20 h light/day is also consistent with a reduction in function of LHRH neurones in old hens.
The decrease in egg production in young control hens maintained on 14 h light/day which was not associated with a decrease in LH (Table 2 ) probably reflects the way in which the yolk produced by the liver is 'packaged' into fewer larger eggs after the initial peak in photoinduced egg production (Williams & Sharp, 1978a) . The mechanism involved in this change in ovarian follicular structure is unknown, but does not seem to reflect a decrease in hypothalamic-pituitary-gland function, since total yolk production is not reduced (Williams & Sharp, 1978a) .
A reduction in the function of LHRH neurones in 1-or 2-year-old hens exposed continuously to long days is more likely to be due to the development of photorefractoriness, for reasons given in the Introduction, than to somatic senescence, as seen in rats (Vom Saal & Finch, 1988) . Thus, plasma LH concentrations, pituitary gland responsiveness to LHRH and egg production were increased in old laying hens after transfer to short days for 6 weeks and subsequent return to long days (Tables 3 and 5 ). This enhanced reproductive activity may be a consequence of the dissipation of photorefractoriness by exposure to short days. This view is further supported by observations on the photoperiodic responses of moulted and unmoulted hens in which treatment with short days to induce a moult appeared to reinstate sensitivity to increased photoperiod. Thus, after transfer from long to short days, the fall in egg production observed in moulted hens was less than that in unmoulted control birds. Conversely, egg production further increased in moulted hens, but not in unmoulted control birds, when daylength was increased from 14 to 17 h light/day (Table 4) .
The finding that reproductive function improved in old hens after a moult and ovarian re¬ gression were induced by reducing food intake without decreasing daylength (Fig. 3) (McDaniel et ai, 1981) , it is possible that the loss of body weight associated with induced moult induces neuroendocrine changes which mimic those induced by exposure to short days. Another possibility is suggested by the observation that old hens characteristically lay eggs sporadically (Fig. lb) . After the induction of moult by any means, these cycles of egg-laying are initially synchronized. At the beginning of such a cycle, when egg-laying starts, it is possible that hypothalamic-gonadotroph function may be transiently enhanced following the reduction in circulating ovarian hormones during the preceding period of ovarian regression.
The enhanced persistence of lay seen in hens photostimulated into a second year of egg produc¬ tion by transfer to a marginally stimulatory 11-h daylength is consistent with what is known about the mechanism underlying the development of photorefractoriness (Nicholls et al., 1988) . The 11-h daylength seems to be sufficiently stimulatory to enhance reproductive function, but not to drive the hens towards photorefractoriness as rapidly as exposure to 20 h light/day. This is indicated by the transitory increase in egg production, compared with control hens, after transfer from 11 to 20 h light/day. The large and sustained increase in egg production seen in hens of the same age transferred from 3 to 20 h light/day shows the response of the fully photosensitive hypothalamicpituitary-gland-ovarian axis to photostimulation.
In conclusion, these experiments provide evidence that the poor rate of egg-laying observed in domestic hens after exposure to continuous long days for several months may be due, in part, to the development of photorefractoriness. 
